Introduction {#sec1}
============

Linkers based on poly(ethylene glycol) (PEG) are the most common types for chemical cross-linking of biomolecules.^[@ref1]^ Long PEG chains (20--40 kDa) are also commonly used for modification of biomolecules in pursuit of prolonged half-life, due to slower absorption of large PEG derivatives from the relevant injection site, hindrance of kidney-mediated clearance, and/or partial protection from enzymatic breakdown.^[@ref2],[@ref3]^ Advantages of PEG are its high solubility in water and most organic solvents, its large hydrodynamic volume, and its relative inertness to interactions with biomolecules. PEG is however nondegradable in vivo, so accumulation of PEG in various tissues upon chronic administration of PEGylated drugs has been reported in some cases,^[@ref4]^ whereas excretion via bile has been described in other cases.^[@ref5]^ PEG can be purchased with various functional groups at one or both ends, for making either PEGylated proteins or cross-linked constructs. Notably, long PEG chains are prepared by polymerization of ethylene oxide and fractioned for size, so long PEG chains (\>10 kDa) are always heterogeneous, i.e., they consist of polydisperse mixtures of chain lengths with a polydispersity index of nearly 1.05 in best cases.

Polar protein sequences with PEG-like properties, sometimes called "recombinant PEG", have in recent years been described by Alvarez,^[@ref6]^ Amumix (mixed sequences of GEDSTAP residues, termed "XTEN"),^[@ref7]^ XL-protein (PAS repeats),^[@ref8]^ Novo Nordisk (GQAP-like repeats),^[@ref9],[@ref10]^ SOBI,^[@ref11],[@ref12]^ and others. The advantages of these materials are their biodegradable nature and distinct size, i.e., one precise molecular weight. Furthermore, recombinant PEG can often be introduced by simple extension of the expressed protein (fusion protein), and the hydrodynamic volumes of the polar extensions are similar to what PEG provides. Immunogenicity of the non-native protein sequences can be a problem, but the risk seems to be low due to the polar nature of the sequences (no hydrophobic binding motifs) and disordered structures. XTEN fusions of other human growth hormones are in late-stage human clinical trials without serious immunogenicity problems.^[@ref13]^

Both XTEN and PAS have high content of serine residues, and this can be a problem for expressions using yeast-based systems, since yeast typically gives mixtures of O-mannosylated products when there are many serine residues in the sequences.^[@ref10],[@ref11],[@ref14]^ XTEN and PAS fusions are typically expressed in *Escherichia coli*-based systems where O-mannosylation is not a problem, but expression in *E. coli* typically gives protein products in inclusion bodies, which must be refolded and disulfide-paired, and this is often difficult. Expressions from yeast on the other hand often provide folded, disulfide-paired protein excreted into the medium.^[@ref15]^ Another drawback of XTEN can be that the high content of charged amino acids, such as glutamate, can lead to an increase in viscosity of protein solutions/formulations when high protein concentrations are needed in pharmaceutical formulations, presumably due to the more extended character of the multicharged sequences vs uncharged sequences. For these reasons, we prefer sequences such as GQAP as recombinant PEG. The repeat sequences contain Gln/Q residues, which might be seen as a problem with regard to long-term stability, due to potential side-chain deamidations, but we have not encountered this problem during handling of the materials, and the half-life for Gln deamidations of peptides in aqueous solution at 37 °C is known to be in the range of 2--50 years.^[@ref16]^ This is in sharp contrast to Asn/N, which often deamidates readily.^[@ref16]^

XTEN, PAS, GQAP, etc. have mainly been used for making fusion proteins, but the sequences could also be used for making protein conjugations, i.e., used as "recombinant PEG linkers" for cross-linking biomolecules, via introduction of reactive residues along the sequence.^[@ref17]^ We exemplify here the design and expression of GQAP-based linkers equipped with orthogonal reactivity at either end and use of such a linker for cross-linking prefolded cysteine-rich proteins, namely insulin and two trypsin inhibitor peptides/proteins. The insulin conjugates are not meant to be new drug candidates but were designed as model compounds for demonstrating the applicability of the homogeneous linkers in cross-linking complex biomolecules.

Results and Discussion {#sec2}
======================

(GQAP)49-GQEP-Cys **1** ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, MW 17 848) was expressed in yeast using a single-chain insulin precursor as an expression anchor, having GGGGK-(GQAP)49-GQEP-Cys as extension from A21, in 142 mg/L yield.^[@ref15]^ The free linker **1** was isolated after cleavage at the lysine by *Achromobactor lyticus* protease (ALP) and purified by ion-exchange chromatography. The reason for expressing the recombinant linker with insulin-GGGGK as the expression anchor is that this setup improves expression yields and gives the product that is secreted into the yeast medium. To be able to perform orthogonal conjugations with the linker, we did not require more than one amino group (the N-terminal on the linker). To allow the linker to be used for conjugations of prefolded, disulfide-paired proteins using robust conjugation reactions, we decided to transform the N-terminal amine into an azide, for performing triazole/click chemistry, CuAAC.^[@ref18],[@ref19]^ But first we had to handle the Cys in the C-terminal of the linker. As expected for yeast-based systems, the expressed linker **1** was found to contain mixed disulfides at the unpaired Cys, namely, disulfides with both glutathions, free cysteine amino acid, and a Cys--Cys-linked homodimer.^[@ref20]^ To simplify the planned protein conjugations and purification, we transformed the linker with mixed disulfides into a linker with a homogeneous disulfide via treatment with excess 4-mercaptophenylacetic acid (MPAA) overnight at pH 9. MPAA has been promoted for use in native chemical ligation reactions and is an odor-free thiol.^[@ref21]^ The homogeneous linker (GQAP)49-GQEP-Cys(MPAA) **2** was isolated in 64--69% yield by reversed-phase high-performance liquid chromatography (RP-HPLC) (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Next, the N-terminal amine was transformed into an azide by treatment with excess imidazolyl-sulfonyl-azide hydrogen sulfate^[@ref22],[@ref23]^ overnight in 10 mM phosphate buffer, pH 7.5, and the azido product **3** was isolated by RP-HPLC in 74--85% yield. The disulfide was next reduced to free thiol by treatment with a slight excess of dithiothreitol (DTT) for 2 h at pH 7.5. This reaction was performed gently and carefully followed by liquid chromatography mass spectrometry (LCMS), as DTT can reduce not just disulfides but also azides under rougher conditions. The azide-linker thiol **4** was isolated by RP-HPLC in 60--86% yield. B29Nε-iodoacetyl desB30 human insulin **5** was prepared by the reaction of desB30 human insulin with succinimidyl iodoacetate at pH 10.5.^[@ref24]^ The amine in the lysine side chain is more basic than the two N-terminal amines in insulin (A1 and B1, p*K*~a~ ∼ 7), and the lysine amine (p*K*~a~ ∼ 10) is therefore the most reactive at pH above its p*K*~a~, so B29Nε products are always the main product from insulin acylation above pH 10.^[@ref25]^ The thiol on the linker was reacted with B29Nε-iodoacetyl insulin **5** for 2 h at pH 7.5, and conjugate **6** was isolated by RP-HPLC in 44--52% yield. Finally, the azido group on the linker--insulin conjugate **6** was reacted under CuI catalysis (CuAAC, "click coupling") with either the sunflower trypsin inhibitor (SFTI)^[@ref26]^ or Bowman--Birk trypsin inhibitor (BBI)^[@ref27]^ containing propargylglycine (Prg) in positions 14 and 27, respectively (**7** and **8**). The required alkyne-containing SFTI peptide **7** was prepared by solid-phase synthesis of CFP-Prg-GRCTKSIPPI-hydrazide, which was backbone-cyclized using the nitrite method,^[@ref28]^ which transformed the acyl-hydrazide via acyl-azide into peptide thioester, which in turn spontaneously cyclized by internal native chemical ligation. The alkyne-containing BBI protein **8** was similarly prepared via hydrazides, by segmental native chemical ligations of DDESSKPCCDQCACTKSNPPQCR-hydrazide **8a** with CSD-Prg-RLNSCHSACKSCICALSYPAQCF-hydrazide **8b** and CVDITDFCYEPCKPSEDDKEN **8c**, as previously described for normal BBI.^[@ref27]^

![(a) MPAA (10 equiv), pH 9, 18 h, 64--69% Yield; (b) 50 equiv of Im-SO~2~-Azide, 10 mM Phosphate Buffer, pH 7.5, 22 h, 74--85% Yield; (c) 1.25 equiv of DTT, pH 7.5, 2 h, 60--86% Yield; (d) 1.7 equiv of B29Nε-Iodoacetyl Insulin **5**, pH 7.5, 2 h, 44--52% Yield; and (e) 1.9 equiv of **7** or **8**, CuI, THPTA, N~2~ Purge, pH 7.5, 2--5 h, 47--70% Yield\
Products **9** and **10** are drawn showing the CH~2~-triazole side chain from R2, which leaves Gly from Prg in the inhibitor peptides/proteins.](ao0c02712_0004){#sch1}

Upon CuAAC reaction between insulin-linker-azide **6** and either of the two alkyne enzyme inhibitors **7** and **8**, using CuI and THPTA under N~2~, the two final bivalent protein conjugates insulin-linker-SFTI **9** and insulin-linker-BBI **10** were isolated by RP-HPLC in 48--70 and 47--50% yield, respectively.

The human insulin receptor (HIR) affinities of the conjugates were measured as an assessment of preservation of insulin bioactivity: insulin-SFTI **9** and insulin-BBI **10** showed HIR affinities relative to human insulin of 8.5 and 7.4%, respectively. HIR affinities are classically reported relative to human insulin,^[@ref29]^ and affinities in the given range will usually preserve full insulin bioactivity *in vivo*.^[@ref30]^

Protection of the insulin conjugates against enzymatic breakdown was tested by treatments with chymotrypsin and trypsin, monitored using an HPLC method. First, it was examined whether conjugating SFTI and BBI to insulin had preserved the inhibitory activity against the enzymes. Indeed, insulin-SFTI **9** and insulin-BBI **10** were both found to be protected against tryptic degradation (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"})](#tbl1){ref-type="other"}. As expected, insulin-BBI **10** was also protected toward chymotryptic degradation, whereas insulin-SFTI **9** was only partially protected against chymotrypsin. Human insulin (HI) itself was rapidly degraded by both trypsin and chymotrypsin, whereas addition of equimolar concentrations of free BBI **8** to insulin considerably slowed down HI degradation by both enzymes, while addition of equimolar concentrations of free SFTI **7** only slowed down insulin degradation by chymotrypsin, not trypsin, as expected ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![Chymotrypsin and trypsin degradation of insulin-SFTI **9** or insulin-BBI **10** and mixtures of human insulin with free Prg14-SFTI **7** or free Prg27-BBI **8**, at enzyme/substrate ratios of 1:100 and 1:20, respectively.](ao0c02712_0002){#fig1}

###### Half-Lives of 9, 10, and HI +/-- 7 or 8 Determined by Curve-Fitting Analysis

                           insulin-SFTI 9   insulin-BBI 10   HI     SFTI 7 + HI   BBI 8 + HI
  ------------------------ ---------------- ---------------- ------ ------------- ------------
  *t*~1/2~ chymo (min)     49.0             919.0            8.4    7.1           398.6
  *t*~1/2~ trypsin (min)   \>1000           \>1000           25.8   \>1000        \>1000

Next, it was examined whether there was an advantage of covalent attachment of SFTI to insulin over a simple mixture of the two compounds. In this experiment, the amount of trypsin was increased up to 10-fold. Compared to HI + free Prg-SFTI **7**, the degradation half-life of insulin-SFTI **9** was twice as long as that using an enzyme/substrate ratio of 1:4 and 3 times as long as that using enzyme/substrate ratio of 1:2, thereby demonstrating an advantage of the covalent attachment of insulin and inhibitor under such harsh conditions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). As a perspective, it could be imagined that the insulin-inhibitor conjugates would be better protected against enzymatic breakdown upon dramatic dilution, for example, upon oral dosing, since the conjugate would retain high local concentration of the inhibitor even after high dilution, whereas the free inhibitor would be diluted away from insulin when dosing the mixture of insulin and inhibitor to a large volume (the gut). We do not intend to pursue these compounds with oral dosing, but they illustrate the principle.

![Degradation of SFTI-insulin **9** and HI + Prg14-SFTI **7** at higher trypsin concentrations.](ao0c02712_0003){#fig2}

###### Half-Lives of **9** and HI + **7** at Higher Enzyme Concentrations Determined by Curve-Fitting Analysis

                       HI     Prg-SFTI **7** + HI   SFTI-insulin **9**
  -------------------- ------ --------------------- --------------------
  *t*~1/2~ 1:2 (min)   7.0    9.6                   26.1
  *t*~1/2~ 1:4 (min)   n.d.   16.3                  29.9

Conclusions {#sec3}
===========

Long linkers of repeating GQAP units can be expressed in yeast, providing compounds with PEG-like properties. The linkers have a distinct molecular weight, contrary to PEG, and are expected to be biodegradable *in vivo* like XTEN and other recombinant PEG materials. Equipping the linkers with orthogonal functional groups at either terminal made them useful for cross-linking of folded proteins, as exemplified using N-terminal amine and C-terminal thiol (Cys). To ensure robust conjugation chemistry, we transformed the N-terminal amine into an azide for the triazol/click reaction and used thiol alkylation chemistry at the C-terminus, via transformation of Cys mixed disulfides from yeast expression into a homogeneous MPAA disulfide. The azide/thiol-functionalized linker was used for making conjugates of insulin with peptide/protein-based enzyme inhibitors. It was shown that the conjugates were better protected toward enzymatic breakdown than simple mixtures of insulin and inhibitors, and that the conjugates bind to the insulin receptor.

It is possible to make functionalized linkers with amine on one end and a single carboxylate on the other end, so it should be possible to perform simple amide-based conjugations, although amide couplings are sometimes harder to achieve at high dilutions that are often necessary when handling big molecules, due to competing hydrolysis of active esters.

Experimental Procedures {#sec4}
=======================

Solid-phase peptide synthesis (SPPS) was performed on a SymphonyX synthesizer from Gyros Protein Technologies (Tucson, AZ 85714) on a 450 μmol scale using a 5-fold excess of Fmoc-amino acids (300 mM in dimethylformamide (DMF) with 300 mM Oxyma Pure) relative to resin loading (typical loading of the hydrazine resin was 0.6 mmol/g). Fmoc-deprotection was performed using 20% piperidine in DMF with 0.1 M Oxyma Pure. Coupling was performed using amino acid/Oxyma Pure/DIC/collidine (3:3:3:4) in DMF. DMF and dichloromethane (DCM) washes (7 mL, 0.5 min, 2 × 2 each) were performed between deprotection and coupling steps. Coupling times were generally 120 min. After synthesis, the resin was washed with dichloromethane, and the peptide was cleaved from the resin by a 3 h treatment with trifluoroacetic acid/triisopropylsilane/dithiothreitol/water (92.5:2.5:2.55:2.5) followed by precipitation with diethyl ether. The peptide was dissolved in 0--20% acetonitrile in water and purified by standard RP-HPLC on a C18 column using acetonitrile/water/trifluoroacetic acid (TFA).

LCMS was performed on a setup consisting of a Waters Acquity UPLC system and a LCT Premier XE mass spectrometer from Micromass. Eluents: A: 0.1% formic acid in water, B: 0.1% formic acid in MeCN. Column: Waters Acquity UPLC BEH, C-18, 1.7 μm, 2.1 mm × 50 mm. Gradient: Linear 5--95% acetonitrile during 4.0 min at 0.4 mL/min, detection at 214 nm.

Expression of (GQAP)49-GQEP-Cys(mixed disulfide) **1** {#sec4.1}
------------------------------------------------------

An insulin precursor extended from A21 with GGGGGK-(GQAP)49-GQEP-Cys was expressed in yeast (*Saccharomyces cerevisiae*),^[@ref15]^ 142 mg/L, and cleaved with ALP to release the free linker (GQAP)49-GQEP-Cys(mixed disulfide) **1**, which was isolated by ion-exchange chromatography as previously described.^[@ref31]^ As expected from yeast-based expression, Cys in the linker was found to be mixed disulfides with glutathione, free Cys amino acid, and a homodimer.

Transformation of **1** into (GQAP)49-GQEP-Cys(MPAA) **2** {#sec4.2}
----------------------------------------------------------

(GQAP)49-GQEP-Cys(mixed disulfide) **1** (500 mg, ∼28 μmol) was dissolved in 20 mM Tris, pH 8.5 (10 mL), with MeCN (2.5 mL). MPAA was added (47 mg, 280 μmol), pH was adjusted to 9, and the mixture was stirred at room temperature for 18 h. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving (GQAP)49-GQEP-Cys(MPAA) **2** (320 mg, 64% yield). Deconvoluted LCMS showed 18 014.4, calculated 18 014.4 for Ala~49~CysGln~50~GluGly~50~Pro~50~C~8~H~9~O~3~S~2~.

Transformation of **2** into Azido-(GQAP)49-GQEP-Cys(MPAA) **3** {#sec4.3}
----------------------------------------------------------------

(GQAP)49-GQEP-Cys(MPAA) **2** (320 mg, 18 μmol) was dissolved in 10 mM phosphate buffer, pH 7.5 (25 mL), and treated with 10 portions of imidazole-1-sulfonylazide hydrogen sulfate (10 × 15 mg, 888 μmol); pH was adjusted to 7.5 between each addition. The mixture was stirred at room temperature for 22 h. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving azido-(GQAP)49-GQEP-Cys(MPAA) **3** (236 mg, 74% yield). Deconvoluted LCMS showed 18 040.9, calculated 18 040.4 for Ala~49~CysGln~50~GluGly~49~Pro~50~C~10~H~10~N~3~O~3~S~2~.

Transformation of **3** into Azido-(GQAP)49-GQEP-Cys with Free Thiol **4** {#sec4.4}
--------------------------------------------------------------------------

Azido-(GQAP)49-GQEP-Cys(MPAA) **3** (230 mg, 13 μmol) was dissolved in 20 mM Tris, 10 mM ethylenediaminetetraacetic acid (EDTA) buffer, pH 7.5 (60 mL), and treated with DTT (2.5 mg, 16 μmol). The reaction was monitored by LCMS and stopped after 2 h. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving azido-(GQAP)49-GQEP-Cys **4** (196 mg, 74% yield). Deconvoluted LCMS showed 17 874.8, calculated 17 874.2 for Ala~49~CysGln~50~GluGly~49~Pro~50~C~2~H~4~N~3~O~3~S.

Preparation of B29Nε-Iodoacetyl desB30 Human Insulin **5** {#sec4.5}
----------------------------------------------------------

DesB30 human insulin (500 mg, 88 μmol) was dissolved in 0.2 M Na~2~CO~3~ (4.5 mL) and MeCN (1 mL), pH 10.5. Succinimidyl iodoacetate (37 mg, 131 μmol) was added, and the mixture was stirred for 30 min. The crude product was isoprecipitated by adjusting pH to 4.5 with cooling at 5 °C overnight. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving B29Nε-iodoacetyl desB30 human insulin **5** (350 mg, 68% yield). LCMS showed 1958.8 for \[M + 3H\]^3+^, 1469.6 \[M + 4H\]^4+^, calculated 1959.2 for \[M + 3H\]^3+^, 1469.6 \[M + 4H\]^4+^ for C~255~H~377~IN~64~O~76~S~6~, MW 5874.4.

Transformation of **4** into Azido-(GQAP)49-GQEP-Cys(B29Nε-Acetyl desB30 Human Insulin) **6** {#sec4.6}
---------------------------------------------------------------------------------------------

Azido-(GQAP)49-GQEP-Cys **4** (75 mg, 4.2 μmol) was dissolved in 20 mM Tris, 10 mM EDTA buffer, pH 7.5 (5 mL) + MeCN (300 uL), treated with B29Nε-iodoacetyl desB30 human insulin **5** (100 mg, 17 μmol), and pH was readjusted to 7.5. The mixture was stirred for 18 h, and the product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving azido-linker-insulin **6** (51 mg, 52% yield). Deconvoluted LCMS showed 23 621.4, calculated 23 620.7 for Ala~49~CysGln~50~GluGly~49~Pro~50~C~257~H~380~N~67~O~78~S~7~.

Synthesis of 14-Proparglycine-SFTI Peptide **7** {#sec4.7}
------------------------------------------------

Crude CFP-Prg-GRCTKSIPPI-hydrazide from SPPS (0.68 g, 0.45 mmol) was dissolved in a 9:1 mixture of 0.1 M NaH~2~PO~4~ in water and acetonitrile (1500 mL, pH 3.0) and cooled to 0 °C. Sodium nitrite (2.25 mL of a 1 M solution in water, 2.25 mmol) was added and the mixture was stirred for 20 min at 0 °C. Sodium 2-mercaptoethanesulfonate (3.69 g, 22.5 mmol) was added to the light pink solution and pH was adjusted to 6.7. The solution was stirred at 25 °C for 16 h, before the mixture was eluted from a C18 column using a gradient of 74:26 to 64:36 water/acetonitrile + 0.1% TFA over 20 min to isolate 14-proparglycine-SFTI peptide **7** (117 mg, 17% yield). LCMS showed 747.9 \[M + 2H\]^2+^, 1493.8 \[M + 1H\]^+^, calculated 747.7 for \[M + 2H\]^2+^, 1493.8 for \[M + 1H\]^+^ for C~68~H~104~N~18~O~16~S~2~.

Synthesis of 27-Proparglycine-BBI Protein **8** {#sec4.8}
-----------------------------------------------

DDESSKPCCDQCACTKSNPPQCR-hydrazide (**8a**) from SPPS was purified on a C18 column using a gradient of 91:9 to 81:19 water/acetonitrile + 0.1% TFA over 20 min to afford peptide **8a** (195 mg, 17% yield). LCMS showed 1265.5 \[M + 2H\]^2+^, 844.1 \[M + 3H\]^3+^, 633.3 \[M + 4H\]^4+^, calculated 1265.9 \[M + 2H\]^2+^, 844.3 \[M + 3H\]^3+^, 633.5 \[M + 4H\]^4+^, for C~95~H~157~N~33~O~38~S~5~, MW 2529.8.

CSD-Prg-RLNSCHSACKSCICALSYPAQCF-hydrazide (**8b**) from SPPS was purified on a C18 column using a gradient of 76:24 to 66:34 water/acetonitrile + 0.1% TFA over 20 min to afford peptide **8b** (138 mg, 11% yield). LCMS showed 1460.6 \[M + 2H\]^2+^, 974.4 \[M + 3H\]^3+^, 731.1 \[M + 4H\]^4+^, calculated 1461.2 \[M + 2H\]^2+^, 974.5 \[M + 3H\]^3+^, 731.1 \[M + 4H\]^4+^, for C~119~H~187~N~37~O~37~S~6~, MW 2920.4.

CVDITDFCYEPCKPSEDDKEN (**8c**) from SPPS was purified on a C18 column using a gradient of 80:20 to 70:30 water/acetonitrile + 0.1% trifluoroacetic acid over 40 min to afford peptide **8c** (311 mg, 28% yield). LCMS showed 1226.0 \[M + 2H\]^2+^, 817.7 \[M + 3H\]^3+^, calculated 1226.3 \[M + 2H\]^2+^, 817.9 \[M + 3H\]^3+^, for C~102~H~152~N~24~O~40~S~3~, MW 2450.6.

DDESSKPCCDQCACTKSNPPQCRCSD-Prg-RLNSCHSACKSCICALSYPAQCF-hydrazide (**8d**): Peptide **8a** (131 mg, 52 μmol) was dissolved in 0.2 M Na~2~HPO~4~/6.0 M guanidinium chloride (Gu·HCl, 12.9 mL, pH adjusted to 3.0) to a concentration of 4.0 mM and cooled to 0 °C. Sodium nitrite (259 μL 1 M, 259 μmol) was added and the mixture was stirred for 20 min at 0 °C. A solution of 0.2 M 4-mercaptophenylacetic acid/0.2 M Na~2~HPO~4~/6.0 M Gu·HCl (12.9 mL, pH adjusted to 7.0) was added and pH was adjusted to 6.0. Peptide **8b** (137 mg, 47 μmol) was added, and pH was adjusted to 6.7. The solution was stirred at 25 °C for 16 h, followed by addition of 300 mM tris(2-carboxyethyl)phosphine hydrochloride (10.0 mL, pH adjusted to 7.0), before the product was purified on a C18 column (50 × 250 mm^2^) using a gradient of 78:22 to 68:32 water/acetonitrile + 0.1% TFA over 20 min to afford protein **8d** (77 mg, 30% yield). LCMS showed 1806.8 \[M + 3H\]^3+^, 1355.3 \[M + 4H\]^4+^, 1084.5 \[M + 5H\]^5+^, 903.9 \[M + 6H\]^6+^, calculated 1807.0 \[M + 3H\]^3+^, 1355.5 \[M + 4H\]^4+^, 1084.6 \[M + 5H\]^5+^, for C~214~H~340~N~68~O~75~S~11~, MW 5418.1.

DDESSKPCCDQCACTKSNPPQCRCSD-Prg-RLNSCHSACKSCICALSYPAQCFCVDITDFCYEPCKPSEDDKEN (**8e**): Peptide **8d** (77 mg, 14 μmol) was dissolved in 0.2 M Na~2~HPO~4~/6.0 M Gu·HCl (3.6 mL, pH 3.0) to a concentration of 4.0 mM and cooled to 0 °C. Sodium nitrite (71 μl 1 M, 71 μmol) was added and the mixture was stirred for 20 min at 0 °C. A solution of 0.2 M 4-mercaptophenylacetic acid/0.2 M Na~2~HPO~4~/6.0 M Gu·HCl (3.6 mL, pH adjusted to 7.0) was added and pH was adjusted to 6.0. Peptide **8c** (38 mg, 16 μmol) was added, and pH was adjusted to 6.7. The solution was stirred at 25 °C for 16 h, followed by addition of 300 mM tris(2-carboxyethyl)phosphine hydrochloride (2.8 mL, pH adjusted to 7.0), before the product was purified on a C8 column using a gradient of 69:31 to 59:41 water/acetonitrile + 0.1% TFA over 20 min to afford protein **8e** (25 mg, 23% yield). LCMS showed 1960.0 \[M + 4H\]^4+^, 1568.2 \[M + 5H\]^5+^, 1307.0 \[M + 6H\]^6+^, 1120.5 \[M + 7H\]^7+^, 980.5 \[M + 8H\]^8+^, calculated 1960.2 \[M + 4H\]^4+^, 1568.3 \[M + 5H\]^5+^, 1307.1 \[M + 6H\]^6+^, 1120.5 \[M + 7H\]^7+^, 980.6 \[M + 8H\]^8+^, for C~316~H~488~N~90~O~115~S~14~, MW 7836.7.

### Folding {#sec4.8.1}

Protein **8e** (25 mg, 3.2 μmol) was dissolved in 0.2 M Na~2~HPO~4~/6.0 M Gu·HCl (2.0 mL, pH 3.0) and added rapidly to a stirred solution of 6 mM Gu·HCl/2 mM mercaptoethanol/0.2 mM bis-glutathione, 0.1 mM EDTA and 80 mM Tris (500 mL, pH 7.85) at a protein concentration of 0.05 mg/mL. After 16 h, pH was lowered to 2 and the product was purified on a C8 column (30 × 150 mm^2^) using a gradient of 84:16 to 74:26 water/acetonitrile + 0.1% TFA over 20 min to afford 27-proparglycine-BBI protein **8** (14 mg, 56% yield). LCMS showed 1956.3 \[M + 4H\]^4+^, 1565.3 \[M + 5H\]^5+^, 1304.5 \[M + 6H\]^6+^, calculated 1956.7 \[M + 4H\]^4+^, 1565.5 \[M + 5H\]^5+^, 1304.8 \[M + 6H\]^6+^, for C~316~H~474~N~90~O~115~S~14~, MW 7822.6.

Conjugation of **6** and **7** to Give SFTI-Triazolyl-(GQAP)49-GQEP-Cys(B29Nε-Acetyl desB30 Human Insulin) **9** {#sec4.9}
----------------------------------------------------------------------------------------------------------------

Azido-linker-insulin **6** (20 mg, 0.85 μmol) was dissolved in 2 M triethylamine buffer (4 mL) adjusted to pH 7.8 using acetic acid and purged with nitrogen. Propargyl-SFTI **7** (2 mg, 1.3 μmol) dissolved in 2 M triethylamine buffer (200 μL) adjusted to pH 7.8 using acetic acid was purged with nitrogen and added to **6**. Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was added (0.9 mg, 2 μmol), followed by CuI (0.02 mg, 0.1 μmol), and the mixture was stirred under nitrogen for 2 h. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving SFTI-linker-insulin **9** (15 mg, 70%). LCMS showed 1196.97 \[M + 21H\]^21+^, calculated 1196.96 \[M + 21H\]^21+^, deconvoluted MW 25 116.0, calculated 25 114.5 for Ala~49~CysGln~50~GluGly~49~Pro~50~C~325~H~484~N~85~O~94~S~9~.

Conjugation of **6** and **8** to Give BBI-Triazolyl-(GQAP)49-GQEP-Cys(B29Nε-Acetyl desB30 Human Insulin) **10** {#sec4.10}
----------------------------------------------------------------------------------------------------------------

Azido-linker-insulin **6** (15 mg, 0.64 μmol) was dissolved in 2 M triethylamine buffer (2 mL) adjusted to pH 7.8 using acetic acid and purged with nitrogen. Propargyl-BBI **8** (6.3 mg, 0.80 umol) was dissolved in 2 M triethylamine buffer (2 mL) adjusted to pH 7.8 using acetic acid and was purged with nitrogen and added to **6**. THPTA was added (0.6 mg, 1.3 μmol), followed by CuI (0.1 mg, 0.5 μmol), and the mixture was stirred under nitrogen for 5 h. The product was purified by RP-HPLC on a C18 column using 0.1% TFA in water + 0.1% TFA in 80% MeCN/water as the eluent, followed by freeze-drying, giving SFTI-linker-insulin **10** (10 mg, 50%). LCMS showed 1210.54 \[M + 26H\]^26+^, calculated 1210.37 \[M + 26H\]^26+^, deconvoluted MW 31 445.4, calculated 31 443.3 for Ala~49~CysGln~50~GluGly~49~Pro~50~C~573~H~854~N~157~O~193~S~21~.

Human Insulin Receptor Binding Studies {#sec4.11}
--------------------------------------

Purification of solubilized human insulin receptor isoform A (HIR-A) expressed in baby hamster kidney cells by wheat germ agglutinin agarose chromatography and subsequent radio-ligand binding by scintillation proximity assays (SPA) were done as previously described.^[@ref26]^ Briefly, a series of dilutions of human insulin and the insulin conjugates were used as competing agents against binding of ^125^I-TyrA14-HI to solubilized HIR-A. Binding was quantified following incubation at 25 °C for 22 h by counting scintillations emitted from SPA beads (PVT anti-mouse, GE Healthcare) in the presence of a mouse anti-IR antibody in binding buffer (100 mM HEPES, 100 mM NaCl, 10 mM MgSO~4~, and 0.025% (v/v) Tween-20, pH 7.8). All of the concentration--response relationships from binding assays were analyzed by application of a four-parameter logistic model assuming common slope and basal and maximal response level of the curves for human insulin and insulin analogues.^[@ref26]^ Affinities of insulin conjugates are reported relative to human insulin \[EC~50~ (HI)/EC~50~ (conjugate) × 100%\].

Trypsin and Chymotrypsin Degradation Assays {#sec4.12}
-------------------------------------------

Stabilities of SFTI-insulin **9**, BBI-insulin **10**, and mixtures of human insulin with free Prg14-SFTI **7** and Prg27-BBI **8** against degradation by chymotrypsin and trypsin were assessed using a liquid handling robot (Gilson) in a 96 deep well plate (2 mL) with 16 wells used in parallel. Human insulin, **9** or **10** (15 μM), was incubated with chymotrypsin (0.02 mg/mL) or trypsin (0.1 mg/mL) in 100 mM Hepes, pH = 7.4 at 37 °C. Aliquotes were taken after 1, 15, 30, 60, 120, and 240 min, and the reactions were quenched by addition of TFA. Concentrations of intact human insulin, **9** and **10**, were determined by RP-HPLC using an Acquity UPLC system equipped with a BEH C4 1 × 50 mm^2^ column (Waters) and a linear gradient of acetontrile in 0.1% TFA. Degradation half-lives were calculated by exponential fitting of data using GraphPad Prism.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02712](https://pubs.acs.org/doi/10.1021/acsomega.0c02712?goto=supporting-info).HPLC and LCMS prints of compounds: (GQAP)49-GQEP-Cys(MPAA) **2**; azido-(GQAP)49-GQEP-Cys(MPAA) **3**; azido-(GQAP)49-GQEP-Cys **4**; B29Ne-iodoacetyl desB30 human insulin **5**; azido-(GQAP)49-GQEP-Cys(B29Nε-acetyl desB30 human insulin) **6**; 14-proparglycine-SFTI peptide **7**; 27-proparglycine-BBI protein **8**; SFTI-triazolyl-(GQAP)49-GQEP-Cys(B29Nε-acetyl desB30 human insulin) **9**; and BBI-triazolyl-(GQAP)49-GQEP-Cys(B29Nε-acetyl desB30 human insulin) **10** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02712/suppl_file/ao0c02712_si_001.pdf))
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